We have developed a reliable protocol for the serum-free dissociation and culture of spiral ganglion neurons from adult mice, an important animal model for patients with post-lingual hearing loss. Pilot experiments indicated that the viability of spiral ganglion cells in vitro depended critically on the use of Hibernate medium with B27 supplement.
Introduction
The damage caused to spiral ganglion neurons in patients with sensorineural hearing loss may be halted or reversed by using cochlear implants or gene therapy to supply peptide growth factors (Holley, 2002) . However, our understanding of the signaling events that underlie the survival of spiral ganglion neurons and the regeneration of their neurites is incomplete and requires further studies to guide technology development (Bianchi and Raz, 2004; Gillespie and Shepherd, 2005; Webber and Raz, 2006) . The primary culture of dissociated spiral ganglion neurons from adult mice would be a useful addition to the experimental armamentarium for such studies. First, initial studies are often easier to analyze and require fewer animals when conducted in vitro rather than in vivo. Second, the anatomy, physiology, and pathology of hearing are well-documented for mice and similar to those of humans (Nadol, 1988; Ohlemiller, 2006; Willott, 2001) ; unlike other mammalian animal models, mice offer a full range of molecular-genetic tools, mutant and transgenic lines, and inbred strains with varying degrees of hearing loss (Zheng et al., 1999) . Finally, adult animals are the most appropriate model for adult patients with postlingual deafness, who comprise the largest group with sensorineural hearing loss (Collins, 1997; Gates and Mills, 2005) .
No protocol has been published for the primary culture of spiral ganglion neurons from adult mice. The pioneering work on culturing dissociated spiral ganglion neurons was carried out more than a decade ago with embryonic rats and chicken (Lefebvre et al., 1990a; Yamaguchi and Ohmori, 1990) . Various protocols have since been established for culturing spiral ganglion neurons from a range of species and ages, such as embryonic mice (Rabejac et al., 1994; Vazquez et al., 1994) ; neonatal mice (Kita et al., 2005; Lin et al., 1998; Mo and Davis, 1997; Whitlon et al., 2006) , rats (Dazert et al., 1998; Hegarty et al., 1997; Lefebvre et al., 1990b; Malgrange et al., 1996; Marzella et al., 1997; Ripoll and Rebillard, 1997; Rome et al., 1999; Zheng et al., 1995) , and gerbils (Lin, 1997) ; and adult rats (Lefebvre et al., 1991) , guinea pigs (Anderson et al., 2006; Rask-Andersen et al., 2005) , and humans (Rask-Andersen et al., 2005) . Sensory epithelia have also been cultured from the cochlea of adult guinea pigs (Zhao, 2001) ; most experiments with spiral ganglion neurons, however, have been conducted with neonatal samples, possibly because adult neurons are in general more difficult to culture (Banker and Goslin, 1998) .
The Hibernate and Neurobasal media and the B27 supplement were developed specifically for the serum-free isolation and culture of neurons, in part by optimizing the osmolarity and by including antioxidants (Brewer et al., 1993; Brewer, 1997) . In contrast, almost all protocols cited above use physiological saline for the isolation of spiral ganglion neurons and generic chemically-defined media, such as Dulbecco modified Eagle medium, together with the traditional N1 or N2 supplements (Bottenstein and Sato, 1985) for their culture. Only a single study has described culturing spiral ganglion neurons in Neurobasal medium with B27 supplement (Anderson et al., 2006) , but the quantitation of survival and neurite outgrowth was not the focus of that work.
Furthermore, most of the cited protocols require fetal bovine serum during the dissociation or even in the culture media. This may improve neuronal survival, but may also confound the effects of specific growth factors added as experimental treatments with the effects of growth factors present in serum.
We developed a protocol for the completely serum-free dissociation and culture of spiral ganglion neurons from adult mice in Hibernate and Neurobasal media with B27 supplement. Our protocol reproducibly yielded sufficient numbers of neurons for systematic measurements of cell numbers and neurite lengths. Enhanced survival and neurite outgrowth upon the addition of neuronal growth factors demonstrated that this protocol will be useful for studying the regeneration of adult spiral ganglion neurons.
Materials and methods

Dissociating spiral ganglion neurons
All animal experiments were approved by the Institutional Animal Care and Use Committee of the University of Illinois at Urbana-Champaign. Adult mice, strain CBA/CaJ (The Jackson Laboratory, Bar Harbor, ME), were decapitated between postnatal days 30 and 72, and both temporal bones were resected. Subsequent steps were performed in a sterile hood at room temperature, unless stated otherwise. The temporal bones were washed three times in 1 ml of Hibernate A (Brain Bits, Springfield, IL) supplemented with 2% (v/v) B27 (Invitrogen, Carlsbad, CA) and kept immersed in the same medium. The cochlea was separated from the vestibular apparatus, the bony capsule opened, and the modiolus excised. After the organ of Corti had been peeled away, the modiolus was split longitudinally to expose the spiral ganglion and transferred into 1 ml Hibernate A plus B27 in a collection tube at 0°C. Twelve cochleas were collected for each experiment, with an average dissection time of 20 min per animal.
After all animals had been processed, the dissected modioli were washed together once in 3 ml Hibernate A alone by centrifugation at 200 × g for 1 min and resuspended in the same volume of Hibernate A containing 5 units/ml dispase (Calbiochem, San Diego, CA) and 0.5 mg/ml collagenase I (Sigma, Saint Louis, MO). The tissue was incubated for 30 min at 33°C with gentle agitation after every 5 min. The proteases were quenched by adding bovine serum albumin (BSA; Sigma) to 1 mg/ml, and the modioli were washed again by centrifugation in 3 ml Hibernate A plus B27. The tissue was resuspended in 1 ml Hibernate A plus B27 and dissociated by aspirating and expelling 30 times through the 1.4-mm orifice of a 1000-µl polypropylene pipet tip (Fisher Scientific, Hampton, NH). Tissue clumps were allowed to sediment for 1-2 minutes, and the supernatant was collected. The dissociation and sedimentation steps were repeated two more times. To determine the initial yield, the cells in the combined supernatants were counted with a hemocytometer under differential-interference-contrast illumination (Fig. 1A) . Dead cells were revealed by trypan blue staining, and large cells with a diameter of about 20-25 µm were scored as spiral ganglion neurons, whether or not they sported neurite stubs (Ripoll and Rebillard, 1997) . The dissociated cells were pelleted by centrifugation at 200 × g for 3 min and resuspended at 1.33 · 10 4 neurons/ml in culture medium consisting of Neurobasal A (Invitrogen), 0.5 mM glutamine, 25 µM glutamate, 2% (v/v) B27, 100 U/ml penicillin, and 10 µg/ml streptomycin (both from Sigma).
Culturing dissociated spiral ganglion neurons
The bottoms of 80-mm 2 wells in tissue-culture-treated polystyrene plates (CorningCostar, Acton, MA) were coated first in 300 µl of 0.1 mg/ml poly-D-lysine (Sigma) for 16 hours at room temperature, rinsed twice with phosphate-buffered saline, then coated in 300 µl of 10 µg/ml laminin (Sigma) in Neurobasal A for 6 hours at 33°C in a 5% CO 2 atmosphere, and again rinsed twice. About one hour before seeding (before washing the dissected modioli with Hibernate A alone, see above), each well received 150 µl culture medium containing no additional growth factors (treatment 'None'), 20 or 40 ng/ml recombinant human brain-derived neurotrophic factor (BDNF; Promega, Madison, WI), 100 or 200 ng/ml leukemia inhibitory factor (LIF; Sigma), 20 or 40 ng/ml recombinant human neurotrophin-3 (NTF3 or NT3; Promega), or a combination of the three factors at these concentrations (treatment 'All Three'). At the end of the dissociation, 2 · 10 3 spiral ganglion neurons in 150 µl culture medium were added to each well, reducing the final BDNF, LIF, or NTF3 concentrations to one-half of those above. The cultures were kept in a 5% CO 2 atmosphere, first at 33°C for 16 hours and then at 37°C for 80 hours. For immunofluorescence detection, cultures were seeded at the same density onto chambered glass slides (Lab-Tek; Nalge Nunc, Rochester, NY).
Evaluating cultures of spiral ganglion neurons
Cultured spiral ganglion neurons were visualized by immunocytochemistry (Harlow and Lane, 1999 ) with a monoclonal mouse antibody (TuJ1; Covance, Denver, PA) against the neuronal marker β-III tubulin (Hallworth and Luduena, 2000) . 
Results
Dissociation and culture of spiral ganglion neurons from adult mice
To dissociate and culture spiral ganglion neurons from adult mice, we adapted a protocol that had been developed for hippocampal neurons from adult rats (Brewer et al., 1993; Brewer, 1997) . This protocol is similar to those developed earlier for spiral ganglion neurons, but incorporates several innovations to maximize neuronal survival (see INTRODUCTION) . A series of pilot experiments (data not shown) suggested that the viability of our cultures was greatly improved by dissecting and dissociating in Hibernate A medium supplemented with B27 rather than in physiological saline and by pairing collagenase with the metalloprotease dispase instead of the sulfhydryl protease papain during the dissociation. We also found that the proteases could be quenched with purified BSA instead of complete serum, thus eliminating exposure of the spiral ganglion neurons to any exogenous growth factors other than the insulin that is contributed by B27
and essential for the survival of neurons in culture. Further improvements were achieved by using Neurobasal with B27 and 25 µM glutamate (Balazs, 2006; Konur and Ghosh, 2005) as the culture medium and by incubating the cultures initially at 33°C before transfer to 37°C (Whitlon et al., 2006) . On the fourth day of culture without external growth factors, the neurons appeared healthy, with large, roundish somata and neither pyknotic nuclei (Fig. 1C , left section) nor DNA strand breaks (Fig. 1C, right section) . In cultures maintained for one week, the number of spiral ganglion neurons decreased by about 20% between days four and seven. The details of our final protocol are given under MATERIALS AND METHODS.
To quantify the performance and reproducibility of our protocol, we then measured the number of neurons, the number of neurites, and the length of the neurites in five independent experiments. Immediately after dissociation, the yield was (1.99 ± 0.10) · 10 3 spiral ganglion neurons per cochlea (mean ± standard error; n = 4), of which 94% ± 5% were alive. About equal numbers of these neurons bore no or only short processes; at this stage, we never observed cells with processes longer than a few micrometers. After four days of culture in the absence of exogenous growth factors, each well contained a number of neurons that corresponded to about 4% of those seeded initially (Table 1 , treatment 'None') and a similar number of non-neuronal cells. About one third of the neurons sported one or more neurites ( Fig. 2A, ' None'). The mean length of the longest neurite on each neuron was about 50 µm (Fig. 2B , 'None'), and the maximum length was 1.3 mm (see Fig. 1B (Fig. 1B, right enlargement). We concluded from these results that our protocol allowed some of the dissociated spiral ganglion neurons from adult mice to survive and to regenerate neurites in the absence of exogenous growth factors.
Responsiveness of cultured spiral ganglion neurons to exogenous growth factors
To ascertain that the signaling pathways of the spiral ganglion neurons were not saturated by endogenous growth factors secreted from glial or other types of cells in our cultures and that survival and neurite outgrowth could be stimulated further by adding exogenous growth factors, we added BDNF, LIF, or NTF3 to the medium, each of which is known to protect cultured spiral ganglion neurons and stimulate neurite outgrowth (Gillespie and Shepherd, 2005 ). An initial dose-response analysis suggested optimal concentration ranges of 10-20 ng/ml for BDNF and NTF3, and 100-200 ng/ml for LIF (data not shown) that were consistent with previous reports (Lefebvre et al., 1994; Marzella et al., 1997; Mou et al., 1997; Whitlon et al., 2006; Zheng et al., 1995) . Each of the three growth factors alone significantly improved the survival of spiral ganglion neurons over four days in culture (Table 1) . BDNF or LIF alone, but not NTF3, significantly increased both the number of neurites per neuron ( Fig. 2A) and the mean length of the longest neurite per neuron (Fig. 2B) . Within the narrow range applied, growth-factor concentration affected only neurite length. The effects on neurite outgrowth were additive-both the neurite number and the longest length were greatest in medium that contained all three growth factors together. These results demonstrated that some of the cultured adult spiral ganglion neurons remained responsive to exogenous growth factors.
Discussion
In this study, we developed a completely serum-free protocol for the dissociation and culture of spiral ganglion neurons from adult mice. The degree of survival and the extent of neurite outgrowth were highly reproducible. Furthermore, the cultured spiral ganglion neurons remained responsive to exogenous growth factors.
The initial yield of spiral ganglion cells after dissociation and their survival in culture depended critically on the use of both Hibernate medium and B27 supplement during the isolation. Processing a sufficient number of mice took us several hours, but cochlear afferents suffer from oxidative stress already after 20 min of ischemia (Pujol et al., 1992) . The combination of Hibernate and B27 has been formulated to extend the viability of neurons in storage to several days (Brewer and Price, 1996) . Moreover, the antioxidant components of B27-catalase, glutathione, superoxide dismutase, and vitamin E (Brewer et al., 1993) -have been shown to be essential for the long-term survival of cultured cortical neurons (Perry et al., 2004) . The presence of these antioxidants may thus account for the improved yield over physiological saline as the isolation medium.
Our yields were very reproducible and compared well to the few published protocols for culturing adult spiral ganglia without any exogenous growth factors other than insulin: We counted 2 · 10 3 neurons per spiral ganglion immediately after dissociation, or about 20% of the 0.8-1.2 · 10 4 neurons found in the intact spiral ganglion of adult mice (Ehret, 1979; Whitlon et al., 2006) ; 4% of the seeded neurons, or about 80
per spiral ganglion, survived after four days in culture. By comparison, the yield after dissociation was 10% for adult rats, and 1% to 6% of the seeded neurons survived (Lefebvre et al., 1991) ; 20-30 neurons per spiral ganglion survived for adult guinea pigs (Anderson et al., 2006) . On an absolute scale, all these yields are low, as may be expected for adult neurons (Banker and Goslin, 1998) .
Our culture experiments with exogenous BDNF, LIF, and NTF3 provide new insights into the responsiveness of adult spiral ganglion neurons to neuronal growth factors. LIF has been known to enhance survival and neurite outgrowth in cultures derived from neonatal mice and rats (Gillespie et al., 2001; Marzella et al., 1997; Whitlon et al., 2006) , but ours is the first report of a stimulatory effect on cultures derived from adult animals. BDNF and NTF3 have been shown previously to promote survival and neurite outgrowth upon ototoxic damage in vivo (Gillespie and Shepherd, 2005) ; in vitro, however, with spiral ganglion neurons from adult rats, they have been found to promote survival only (Lefebvre et al., 1994) . In contrast, we observed in our cultures that BDNF stimulated both survival and neurite outgrowth; this discrepancy may have been due to the differences in age, species, and culture conditions. Our results thus demonstrate that LIF and BDNF are both potent growth factors that could be used to treat damaged spiral ganglion neurons in adults.
Two caveats apply to our work as well as to previous studies with dissociated spiral ganglia. First, the inevitable presence of other cell types introduces an (B) Length of the longest neurite per cell at low (10 ng/ml BDNF and LIF, 100 ng/ml NTF3) or high (20 ng/ml BDNF and LIF, 200 ng/ml NTF3) growth-factor concentrations; mean of 55-156 cells per treatment whose neurites did not overlap or touch the side of the well. The key to the growth-factor treatments in A also applies to panel B; error bars, standard error of the mean; *, significantly different from treatment 'None' (P ≤ 0.03).
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